Objective: To qualitatively and quantitatively assess the association of prehypertension with incident stroke through a meta-analysis of prospective cohort studies.
In recognition of the profound impact of elevated blood pressure on cardiovascular risk, the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7) proposed a new category of individuals within the range of normal blood pressure at risk for developing hypertension and its untoward sequela. 1 This new designation, called prehypertension, comprises persons with systolic blood pressure between 120 and 139 mm Hg or diastolic blood pressure between 80 and 89 mm Hg. 1 Since the JNC 7 proposal, epidemiologic studies have shown that the prevalence of prehypertension among adults in the general population is roughly 31% in the United States. 2 However, the rationale and relevance of diagnosing prehypertension in otherwise healthy patients have recently been called into question. 3 Indeed, even though stroke is the condition most highly correlated with blood pressure among various vascular disease entities, 4 the association of prehypertension with stroke risk in published studies has been inconsistent.
Given its high prevalence and potential to identify persons at great stroke risk who may benefit from risk reduction strategies, we undertook a meta-analysis of prospective cohort studies to qualitatively and quantitatively assess the association of baseline prehypertension and risk of incident stroke.
METHODS Literature search. The search was conducted according to the recommendations of the Meta-analysis of Observational Studies in Epidemiology Group. 5 We performed a systematic search of PubMed (1966 ( -August 2010 , Embase (1947 -August 2010 , and the Cochrane Library using the following search strategy: "prehypertension" or "prehypertensive" and "stroke," "cerebrovascular disease," "cerebrovascular attack," "cerebral infarct," "intracranial hemorrhage," "cardiovascular disease," "myocardial ischemia," "myocardial infarct," "ischemic heart disease," "coronary heart disease," or "angina." We restricted the search to human studies. There were no language restrictions. Further information was retrieved through a manual search of references from recent reviews and relevant published original studies.
Inclusion and exclusion criteria. Studies were selected if they met the following entry criteria: 1) prospective cohort studies; 2) blood pressure evaluated at baseline; 3) assessment of incident stroke; 4) follow-up duration of at least 1 year; 5) reported quantitative estimates of the multivariate-adjusted relative risk and 95% confidence interval (CI) for stroke associated with prehypertension (systolic blood pressure 120 -139 mm Hg or diastolic blood pressure 80 -89 mm Hg) vs reference (systolic blood pressure Ͻ120 mm Hg and diastolic blood pressure Ͻ80 mm Hg). Studies were excluded if 1) the study design was crosssectional, case-control, or retrospective cohort, 2) only unadjusted or age-and sex-adjusted relative risk was reported; 3) 95% CI was not reported; 4) they were duplicated studies, and 5) data were derived from secondary analysis of antihypertensive clinical trials. Studies that only reported estimates with a low range of prehypertension (systolic blood pressure 120 -129 mm Hg or diastolic blood pressure 80 -84 mm Hg) and a high range of prehypertension (systolic blood pressure 130 -139 mm Hg or diastolic blood pressure 85-89 mm Hg) separately were included.
Data extraction.
Data from eligible studies were abstracted independently by 2 investigators (M.L. and B.C.). Discrepancies were resolved by discussion with a third investigator (B.O.) and by referencing the original report. Relevant data included the first author's name, year of publication, country of origin, number of participants, participants' age, duration of follow-up, number of events, outcome assessment, prevalence of prehypertension, multivariate-adjusted relative risks or hazard ratios of stroke and corresponding 95% CI, population-attributable risk for the association of stroke with prehypertension, and covariates adjusted in the statistical analysis.
Assessment of study quality. We assessed the quality of all articles that met the selection criteria. Quality assessment was based on guidelines developed by the US Preventive Task Force as well as the modified checklist used in previous studies. [6] [7] [8] We assessed the following 8 characteristics: 1) prospective study design; 2) maintenance of comparable groups; 3) adequate adjustment of potential confounders (i.e., at least 5 of 6 factors: age, sex, diabetes mellitus, body mass index or other measure of overweight/obesity, cholesterol, and smoking); 4) documented loss to follow-up rate; 5) outcome assessed blind to baseline status; 6) clear definition of exposures (prehypertension) and outcomes (stroke); 7) temporality (blood pressure measured at baseline, not at time of outcomes assessment); and 8) follow-up of at least 2 years. Studies were graded as good quality if they met 7-8 criteria, fair if they met 4 -6 criteria, and poor if they met Ͻ4 criteria.
Statistical analysis. Data analysis used multivariate-adjusted outcome data (expressed as relative risks and 95% CIs). We converted these values in every study by using their natural logarithms, and the SEs were calculated from these logarithmic numbers and their corresponding 95% CIs. The statistical analysis used the inverse variance approach to combine log relative risks and SEs. We used a random-effects model and explored for sources of inconsistency (I 2 ) and heterogeneity. A fixed-effects model was also used for the comparison to the random-effects model on the overall risk estimate. All reported p values were 2-sided with significance set at Ͻ0.05. Heterogeneity was assessed by p value of 2 statistics and I 2 , which describes the percentage of variability in the effect estimates that is due to heterogeneity rather than to chance. 9, 10 We regarded I 2 of less than 40% as "heterogeneity might not be important" and of more than 75% as "considerable heterogeneity" based on the suggestion of Cochrane Handbook for Systematic Review of Interventions.
The leading outcome of interest was relative risk of incident stroke in prehypertension. The secondary outcomes of interest were relative risks of incident stroke in low-range prehypertension and high-range prehypertension, respectively. Subgroup analyses for prehypertension were conducted according to average participant's age (Ͻ65 years vs Ն65 years), sex (men vs women), race-ethnicity (Asians vs non-Asians), follow-up duration (Ͻ10 years vs Ն10 years), endpoints (fatal vs fatal plus nonfatal stroke), stroke type (ischemic vs hemorrhagic), participant number (Ͻ10,000 vs Ն10,000), and study quality (good [score [7] [8] vs fair [score 4 -6] ).
Finally, we did a sensitivity analysis to further explore the robustness of our results. To identify any study that may have exerted a disproportionate influence on the overall result, we removed each individual study from the meta-analysis one at a time. A funnel plot based on the primary outcome was conducted to evaluate potential systematic bias in studies, including publication bias. The Cochrane Collaboration Review Manager Software Package (RevMan 5) was used for the meta-analysis of observational studies. 7, 11 Standard protocol approvals, registrations, and patient consents. Because this was an analysis based on data obtained from a search of publicly available/accessible published scientific literature, formal review by the institutional review board at our institution was not required.
RESULTS
The literature review identified 42 full articles for detailed assessment, among which 23 were excluded because of the lack of a multivariateadjusted stroke estimate, 3 because they were duplicated studies, and 3 because of no compatible blood pressure categories. Our final primary analysis included 13 articles derived from 12 prospective cohort studies ( figure 1) . [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The table shows the characteristics of the studies included, with 518,520 participants. All studies were derived from the general population. Among the 12 studies, 4 were from the United States, 12,15,22,24 5 were from Japan, 16 -18,20 ,23 2 were from China, 13, 21 and 1 was from India. 19 The prevalence of prehypertension ranged from 25% 16, 17 to 46%. 20 In primary analysis, 9 studies reported fatal plus nonfatal stroke as an endpoint, 12, 13, [15] [16] [17] [18] 20, 23, 24 2 reported fatal stroke, 19, 21 and 1 reported ischemic stroke. 17 Sample size ranged from 1,702 20 to 158,666. 13 Follow-up duration ranged from 2.7 years 17 to 32 years. 16 Population-attributable risk for the association of stroke with prehypertension was about 19% (median value of included studies). Two studies enrolled women only, 21, 24 whereas the others enrolled both men and women. On a scale of 8, the overall quality of studies was good (median score 7, range 5-8).
Overall, the presence of prehypertension was associated with greater incident stroke risk after adjustment for established cardiovascular risk factors (figure 2). There was evidence of heterogeneity in the magnitude of the association across studies ( p for heterogeneity Ͻ0.001, I 2 ϭ 77%), but no major asymmetric appearance in the funnel plot (figure e-1 on the Neurology ® Web site at www.neurology.org). The exclusion of any single study from the analysis did not alter the overall finding in a sensitivity test. The relative risk from a fixed-effect model was 1.66 (95% CI 1.57-1.75; p Ͻ 0.001).
Seven studies further distinguished low-range prehypertensive populations and high-range prehypertensive populations. Among low-range prehypertensive populations, incident stroke risk was not significantly increased, but for higher values within the prehypertensive range, stroke risk was substantially increased (figure 3). Only one study compared the effects of systolic vs diastolic prehypertension in the higher range: systolic blood pres- 21 In subgroup analyses, prehypertension significantly predicted higher stroke risk across sex (men vs women), race-ethnicity (Asians vs non-Asians), stroke endpoint (fatal vs all stroke), stroke subtypes (ischemic vs hemorrhagic stroke), and follow-up duration (Ͻ10 years vs Ն10 years) (figure 4) . However, significant heterogeneity existed between estimates among participants with different average age at entry (Ͻ65 years vs Ն65 years), sample size of studies (Ͻ10,000 vs Ն10,000), and study quality (good vs fair). There was no heterogeneity within good-quality studies ( p ϭ 0.19, I 2 ϭ 23%). DISCUSSION We found that persons with a baseline presence of prehypertension had a robust and significant risk of future stroke that was consistent across diverse race-ethnicities. The size of the studies included and restriction to only prospective cohort studies strengthened the robustness of our findings, because selection bias, recall bias, and reverse causality were unlikely. In addition, all studies included in our meta-analysis reported a multivariate adjusted relative risk, which probably mitigated the possibility of known confounders influencing our results.
Importantly, we observed that incident stroke risk appeared more strongly driven by higher systolic blood pressure or diastolic blood pressure values within the prehypertensive range. However, at this time, it is not clear how best to avert stroke risk in these patients. According to JNC 7, such persons should receive urgent lifestyle modification, 1 but there is no robust evidence indicating that such a strategy will actually prevent stroke occurrence. It has been shown that treatment of the higher range of prehypertension with pharmacotherapy is well tolerated and reduces the incidence of frank hypertension, 25 but again the impact of this strategy on hard vascular outcomes is unknown. Although evidence showing a major benefit of pharmacologic intervention in prehypertension is currently lacking, it may not be unreasonable to strongly recommend nonpharmacologic approaches with minimal side effects, such as salt reduction, for these patients. 26 Moreover, at an individual level, the combination of excessive caloric intake, lack of physical activity, and genetic susceptibility has resulted in a dramatic increase in the prevalence of obesity worldwide, 27 which is one of the most important causes for the increase in the incidence of hypertension and prehypertension. Accordingly, it seems important to introduce lifestyle modifications to control the increase in central obesity in the primary prevention of hypertension and prehypertension at the level of the overall population. 28 An immediate potential implication of our findings is that young and middle-aged persons with higher systolic or diastolic blood pressure values within the prehypertensive range may benefit from relatively safe, nonpharmacologic blood pressurelowering methods, such as reduction in salt intake and weight to reduce their risk of stroke. Nonetheless, randomized controlled trials evaluating the effect/efficacy of blood pressure reduction on reducing subsequent risk for stroke are warranted. As such, a potential implication of our study is that a focus on nonelderly individuals with higher blood pressure values within the prehypertensive range should be considered for future randomized controlled trials. Our subgroup analysis showed that elderly persons with prehypertension did not have a higher risk of incident stroke. 16 This finding may not be that surprising, given the immense impact of elderly status itself on stroke risk, 4 as well as observational data indicating that the contribution of frank hypertension to the risk of stroke is rather diminished in elderly cohorts. 29, 30 Obvious heterogeneity was also found among studies with good vs fair quality. There was no heterogeneity within good-quality studies, but there was significant heterogeneity within fairquality studies. The precise reason for the positive link between prehypertension and stroke risk in good-quality but not fair-quality studies is not immediately clear. It is conceivable that there may have been inherent validity concerns in the fair-quality studies. For instance, one study of fair quality noted that the cause-of-death registries, from which stroke endpoints were derived, were sometimes inaccurate, and this may have affected the precision of the stroke estimate. 19 Our study has several limitations. First, baseline blood pressure in most of studies included was obtained by a single-day measurement, which may lead to a misclassification of blood pressure levels and a dilution bias. 31 However, previous epidemiologic evidence has suggested that blood pressure measurements taken on a single day may be adequate. 32 A single-day measurement also is insufficient to characterize blood pressure variability. Recent studies have suggested that blood pressure variability may be an important determinant of stroke, independent of mean arterial pressure. 33 Data on blood pressure variability were not available from the cohort studies we analyzed. Second, meta-analyses can be biased when the literature search fails to identify all relevant stud- Subgroup analyses according to patient characteristics
Influence of other patient characteristics on relation between prehyptertension and stroke risk in prospective cohort studies. CI ϭ confidence interval; RR ϭ relative risk.
ies or the selection criteria for including a study are applied in a subjective manner. To minimize these risks, we performed thorough searches across multiple databases and used explicit criteria for study selection, data abstraction, and data analysis. Third, substantial heterogeneity was observed in the studies included. To explore the potential heterogeneity, we did subgroup analyses to identify plausible biologic and selection sources of the variation. When we restricted our analysis to good-quality studies, the impact of baseline prehypertension on stroke risk was even larger, and there was no obvious heterogeneity between these good-quality studies. Despite these limitations, the results of this systematic review probably represent the most precise and accurate estimate of the strength of the relation between prehypertension and incident stroke currently available. 
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